Muscle growth of male obese (ob/ob) and lean mice at 2, 3, 5 and 8 wk were analyzed on the basis of weights of gastrocnemius, plantaris and soleus muscles from each hind leg. The carcasses (prepared by removing skin, viscera, head, feet and tail) were analyzed for fat content so that the effect of phenotype on the relationship between muscle weight and fat-free carcass weight could be assessed. For each age group the obese mice had less muscle relative to fat-free carcass weight than lean mice, with the difference being significant at 3 wk (P<.05) and 8 wk (P<.025). The proliferative activity of muscle satellite cells in 2-and 3-wk-old obese and lean mice was measured on isolated muscle fibers by autoradiography. Muscle fiber diameter and number of nuclei/unit length were unaffected by phenotype, but the proportion of muscle nuclei showing proliferative activity was lower (P<.01) in obese than in lean mice at 2 wk (1.05 vs 1.93%, respectively) and 3 wk of age (.23 vs .59%, respectively). These results are consistent with the suggestion that muscle growth is limited by satellite-cell proliferative activity, although direct evidence for a cause and effect relationship is not provided.
I ntroduct ion
Although the most obvious difference between obese (ob/ob) and lean (ob/+ or +/+) mice during postweaning growth is their fat content, there is also clear evidence that obese mice have less muscle than lean littermates when compared at the same age (Bergen et al., 1975; Trostler et al., 1979; Vander Tuig et al., 1980) . However, it is not clear whether this is a general effect on the fat-free portion of the body, or whether muscle development is affected specifically so that relationships between the weights of muscle and other tissues are altered.
The processes responsible for variation in muscle growth between animals treated alike are not well understood, but it has been suggested that the proliferative activity of satellite ceils may be important (Allen et al., 1979) . This is because the growth of muscle fibers appears to be limited by the number of nuclei they contain and the only way in which the number of nuclei can be increased is by the fusion of satellite cells with the muscle fiber (Moss and Leblond, 1971) .
Comparisons of obese (ob/ob) and lean mice provide a useful means of evaluating the importance of satellite cells in muscle growth because these animals, which differ in their genetic propensity to grow muscle, can be obtained from the same litter. This paper reports evidence that relative to skeletal growth as well as to age, muscle growth in obese (ob/ob) mice is slower than that of lean mice, and that the proliferative activity of muscle satellite cells is also less for obese than for lean mice.
Materials and Methods
Animals. Male obese (ob/ob) and lean (ob/+ or +/+) offspring of heterozygous breeding pairs (C57BL/6J-ob/+ mice 6) were housed in a temperature-controlled (23 to 25 C) room with 644 JOURNAL OF ANIMAL SCIENCE, Vol. 60, No. 3, 1985 lights on from 0700 to 1900 h. They were weaned at 21 d and had free access to water and stock diet 7. Obese and lean littermates were distinguished by eye appraisal except in the case of the 2-wk group in which case obese-lean littermates were initially selected on the basis of contrasting rates of oxygen consumption measured at 30 C on 3 sequential d (Boissonneault et al., 1978) . The final allocation of mice to an .obese or a lean category was on the basis of their percentage carcass fat.
Autoradiography. Selected mice had tritiated thymidine (NET-027Z, 50 to 80 Ci/ mmol s) injected intraperitoneally at a rate of approximately 10 /~Ci/g body weight. Time of injection ranged from 0900 to 1500 h. One hour later the mice were killed with diethyl ether inhalation and muscles were fixed in situ by intraventricular infusion of 2% gluteraldehyde after the vascular system had been flushed with a citrate/saline solution (Campion et al., 1984) . After 30 rain three muscles-the gastrocnemius, plantaris and soleus-from each hind limb were removed and weighed. The medial head of the ggstrocnemius muscle was placed in 2% gluteraldehyde on ice for 60 min, in .02 M guanidine hydrochloride (pH 9.5) for 30 rain (Cardasis and Cooper, 1975a) and then after several rinses with .9% NaC1 was stained in Mayer hematoxylin for 60 min. Before staining, the muscle had 10 to 15% of its length cut from each end so as to remove any tendon remnants, and it was teased apart to facilitate stain penetration. After. staining, the muscle pieces were destained in .05 M borate buffer (pH 8.5) for 30 rain and then transferred to a drop of water on a gelatin-coated slide. The very thin gelatin coat was prepared by spreading a drop of 2% gelatin (containing 1 mM sodium azide) with a firm sweep of the short edge of a second slide. Individual muscle fibers were dissected away from the muscle using fine forceps under a dissecting microscope at 60x (Cardasis and Cooper, 1975a) . Three slides with at least 40 fibers/slide were prepared for each animal and these slides were stored at room temperature for up to a few days before they were dipped in emulsion. Kodak NTB2 liquid emulsion was used at 43 C according to 7Wayne Lab-Blox, Allied Mills, Inc., Chicago, 1L. s New England Nuclear, Boston, MA. 9 Fischer Scientific Co., Fair Lawn, NJ. the manufacturer's instructions and the slides were exposed for 21 d at 2 to 4 C before being developed. After developing and fixing, the slides were dried at room temperature for about 30 min and then Mayer hematoxylin was dripped carefully onto them. They were then transferred to 2 to 4 C so that the emulsion was robust enough to withstand subsequent washes with .5 M borate buffer (pH 8.5) after 60 rain and H20 after the borate buffer had been on the slides for 30 min. At this stage the slides were returned to room temperature, dried, washed with xylene, and finally Permount 9 was used to attach coverslips.
The first 50 muscle fibers that were intact, of reasonable length and clearly stained were evaluated for each animal. For each of these fibers a representative length of the fiber (mean --2,138 #m) was assessed for the number of tagged nuclei (those overlaid with silver granules indicating tritiated thymidine uptake). Nuclei number for each fiber was expressed per millimeter of length and also per unit volume, which was taken as being the volume of a cylinder 1 mm long and 20/~m in diameter.
Samples of intestinal wall and liver (10 to 80 mg wet weight) were dissolved in 1.0 ml BTS o 450 (Beckman) at 50 C and were counted for the presence of tritium (510 ml Aquasol scintillation fluid s ) to assess the extent to which the tritiated thymidine had been taken up into the tissues. If there were less than 1,000 cpm/mg of either tissue, that animal was not .used for autoradiography.
Carcass Fat. The term "carcass" in this paper refers to that part of the body remaining after removal of the skin, viscera, head and feet. Particular care was taken to remove all of the visible fat from the skin and to include it with the carcass. Carcass fat content was measured by chloroform-methanol extraction (Bligh and Dyer, 1959) , after the carcass had been softened by autoclaving at 121 C for 45 rain and then homogenized with 20 ml of water with a Polytron homogenizer.
Statistical Methods. Standard procedures as outlined by Snedecor (1956) were used.
Results
Muscle Growth. The 96 mice that were analyzed for muscle growth and carcass fatness were distributed among the four ages and between the two phenotypes as shown in table 1. Mean body weights were within 12% for the CObese and lean group means within an age differ (P<.05).
obese and lean mice at 2, 3 and 5 wk, but at 8 wk the obese mice were 35% heavier (table 1) . However, the obese groups had lower (P<.O01) fat-free carcass weights at 5 and 8 wk of age, although there were no differences between the groups at 2 and 3 wk (figure 1). The same pattern was shown for the weight of the three muscles from the left and right hind limb except that in this case they weighed less (P<.01) at 3 wk as well (figure 1). The contrasting differences between the obese and lean groups for total weight and fat-free carcass weight or muscle weight arose from the much greater carcass fat content of the obese mice at all ages, ranging from 71% more fat than the lean group at 2 wk of age, to 232% more at 8 wk (table 1) . The effect of phenotype on the relationship between muscle weight and fat-free carcass weight was assessed by calculating the extent to which the weight of the three muscles (from each hind limb) from each mouse deviated from the expected value predicted using the regression of log (of three muscles from each hind limb weight) on log (fat-free carcass weight) for all 96 mice. These deviations were expressed as percentages and at each age the obese group had a mean deviation that was less positive than the lean group, with this difference being significant for the 3-and 8-wk groups and for the four ages combined (table 2). The fact that the mean muscle-weight deviations for both 3-wk groups were positive while those for both 2-wk groups were negative indicated that muscle growth was not explained entirely satisfactorily over this period by the log-log regression equation.
Nuclei Number and Proliferative Activity.
This information was collected for 2-and 3-wk mice only and the number of mice were less than for measures of muscle growth and fatness because satisfactory measurements could not be made on some animals due to (1) Figure 1 . Fat-free carcass weights and weight of three muscles (gastrocnemius, plantaris and soleus muscles from each hind limb) of obese (ob/ob) and lean mice. Significant differences between the phenotypes at the same age are indicated (** = P<.01; *** = P<.001; means • SE). tritiated thymidine injection to enter the general circulation, (2) failure of the infusion procedure to bring about satisfactory fixation of the muscle in situ, or (3) unsatisfactory muscle fiber preparations with regard to either staining and(or) autoradiography. Because of these problems and because some 2-wk-old mice that were initially selected as one phenotype had to be reclassified on the basis of carcass fat content, the final group of animals included mice without littermate pairs of the contrasting phenotype. However, the mean values for body weight and carcass fat percentage for the mice used (table 3) were close to the means of the larger group (table 1). Mean radioactivity counts for the samples of liver and intestine (table 3) were well above the cut-off value (1,000 cpm/mg tissue) and those for the intestine were higher than for the liver. With increasing age, the liver counts decreased Figure 2 . Numbers of tagged nuclei (nuclei containing silver grains following autoradiography) in isolated muscle fibers from the gastrocnemius muscle of obese (ob/ob) and lean mice at 2 and 3 wk of age. Nuclei numbers are shown as a percentage of total fiber nuclei and per millimeter of length (means -+ SE). but the intestine counts did not change. Because of the relatively low satellite cell activity at 5 and 8 wk (Young et al., 1978) , these ages were not studied.
Mean fiber diameter and mean nuclei number/millimeter of length increased with age (table 3) , but when expressed per unit volume (the volume of 1 mm of fiber with a diameter of 20 #m) nuclei number decreased. Muscle fibers from obese mice contained slightly more nuclei/unit volume (P<.05), but did not differ from those of lean mice for fiber diameter or total nuclei. A mean of 743 (SD --58) nuclei were counted on the 50 fibers that were assessed for each mouse.
The number of tagged nuclei expressed either as a proportion of total nuclei or per unit length was greater (P<.01) in the fibers of the younger (2 wk) mice and was greater (P<.01) for the lean mice than for the obese mice at each age (figure 2). These two characteristics were analyzed as logarithms.
The proportion of tagged nuclei present was not very clearly associated with the time of the day when the thymidine was injected, but for the 3-wk group it was positively related to the muscle weight percentage deviation (table 4) .
Discussion
Muscle Growth. The results in figure 1 and table 2 confirm those of previous research (Bergen et al., 1975; Trostler et al., 1979; Vander Tuig et al., 1980) in showing that at the same age, muscle weight of the obese mice was less than that of lean mice, except at 2 wk of age when no difference existed. The fat content of the carcass rather than the whole body was measured to obtain information on the relationship between muscle and bone growth. Bone growth was not measured directly, but if it is assumed that the three muscles were representative of total muscle weight, then the Critical correlaraon coefficients (P=.05) = .39 and .42 for the 2-and 3-wk groups, respectively.
bThe time of tritiated thymidine injection ranged from 0900 to 1500 h.
CThe percentage difference between actual weight of the six muscles and their weight estimated from the regression of log muscle weight on log fat-free carcass weight. results in table 2 show that muscle growth in obese mice was slower than that for lean mice relative to the nonmuscle components of the fat-free carcass. These components will comprise mainly bone with some other minor components such as nonlipid adipose tissue, lymph nodes and blood vessels. These results are supported by reports that the N concentration was lower in carcasses of obese mice after all visible fat had been removed (Vander Tuig et al., 1980; Chee et al., 1981) , and that the proportional difference in muscle weights between obese and lean mice were larger than the difference in bone length (Smith and Romsos, 1984) . If muscle growth is specifically retarded in obese mice, then the mechanism involved is more likely to act directly on muscle than indirectly through an effect on adipose tissue or nonadipose tissue in general. As noted above, the proliferative activity of satellite ceils in muscle may be a limiting step that determines the extent to which muscle can grow and develop.
Nuclei Number and Proliferative Activity.
The number of nuclei shown per unit length of fiber is similar to, or slightly higher than, reported values for rodents (Muir, 1970; Moss and Leblond, 1971; Schultz, 1974; Cardasis and Cooper, 1975a,b; Schmalbruch and Hellhammer, 1977; Layman et al., 1980) , but the small increase from 2 to 3 wk of age is in contrast to the slight decrease between 14 and 28 d reported by Cardasis and Cooper (1974b) for mice. As nuclei are only found at the periphery of fibers, it might be expected that the number of nuclei/unit volume will decrease as the fiber becomes larger, as we observed (table 3) . Moss (1968) also showed that nuclear number increased at a slower rate than muscle weight, and Campion et al. (1984) found no increase in the number of nuclei/fiber cross-section as mice increased in age from 2 to 16 wk of age. Alien et al. (1979) have reviewed other research in this area.
All nuclei tagged with silver grains were assumed to be satellite ceils, because it is generally accepted that muscle nuclei other than those associated with satellite cells are not capable of proliferative activity (Moss and Leblond, 1971) . Reported values for the proportion of satellite cells that show proliferative activity appear to vary considerably, with a median value of approximately 20 to 30% (Allbrook et al., 1971; Kopriwa and Moss, 1971; Kelly, 1978; Snow, 1978) . The number of satellite cell nuclei as a proportion of total muscle nuclei also varies widely (Schultz, 1974; Schmalbruch and Hellhammer, 1977; Schultz et al., 1978; Snow, 1981) , but there is evidence supporting the findings of this study (figure 2) that more satellite ceils are present in younger animals (Allbrook et al., 1971; Cardasis and Cooper, 1975b; Young et al., 1978; Campion et al., 1981 Campion et al., , 1982 Campion et al., , 1984 . There is also some evidence for different numbers of satellite cells in other situations where differences in muscle growth rate exist, such as increases during muscle regeneration (Snow, 1978; Mauro, 1979) and possibly higher numbers in faster growing birds (Campion et al., 1982) .
The number of tagged nuclei found in this study was generally lower than those reported elsewhere, probably because nuclei with less than about five silver grains were not counted, as it was difficult to distinguish between low numbers of silver grains and other granular material within the nuclei. Snow (1978) noted that about 40% of the tagged satellite cell nuclei contained only 4 to 10 grains/nucleus, and Allbrook et al. (1971) counted many nuclei having only one grain. Also in this study a single injection of tritiated thymidine 1 h before sacrifice was used, whereas some studies have involved several injections (Snow, 1978) . It is unlikely that the counts would have been any higher if the mice had been kept for more than 1 h after injection, because tritiated thymidine is metabolized and excreted rapidly (Chang and Looney, 1965) .
The result of most interest from this study is that fibers from muscles of 2-and 3-wk-old obese mice contained a smaller proportion of proliferating satellite cells than did lean controis. In light of the functions normally attributed to satellite cells (Moss and Leblond, 1971) , it is reasonable to suggest a cause-andeffect relationship between the less active satellite cells and the lower muscle mass of obese mice, but these data do not indicate whether the muscle mass was lower because of decreased satellite cell activity or vice versa.
The results presented in figure 2 and table 3 contain an apparent inconsistency in that the lower satellite cell proliferative activity of 2-wk-old obese mice was not reflected in a lower number of nuclei/mm of fiber length or in smaller fiber diameters of the 3-wk-old obese mice. In a contemporary group of mice, Campion et al. (1984) also reported that fiber diameter and nuclei density were similar in obese and lean mice up to an age of 8 wk. A possible explanation is that the additional proliferative activity in the muscles of lean mice was involved with the formation of new fibers rather than with fiber enlargements, so that at subsequent ages they would have more rather than larger fibers. If this were the case, then it would be expected that higher protein to DNA ratios would be found in muscles of obese mice when compared with lean mice having the same muscle weight. In a contemporary group of mice from this colony, myofiber number of the gastroenemius, soleus and plantaris muscles did increase slightly (< 10%) between 2 and 3 wk of age (R. A. Merkel, unpublished data). It is of interest to note in this respect that an increased propensity to lay down fat has been associated with higher protein to DNA ratios of muscle in studies involving rats (Shapira et al., 1980) , cattle (Kertz et al., 1982) and pigs (Harbison et al., 1976; Buhlinger et al., 1978; Lundstrom et al., 1983) .
Although group differences between obese and lean mice suggested an association between muscle growth and satellite cell activity, correlations within age groups were not particularly close (table 4) . However, the correlation at 3 wk was positive and significant and this was the youngest age at which differences in muscle weight were detected. It is possible that relationships would have been closer if factors known to affect cellular synthetic activity, such as time of day (Rubin, 1981) and stage of cell cycle (Gray et al., 1981) , had been standardized more closely.
